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Abstract 

Extraocular muscles (EOM) have a strikingly different disease profile than limb skeletal muscles. It has long been known that 
they are spared in Duchenne (DMD) and other forms of muscular dystrophy. Despite many studies, the cause for this sparing 
is not understood. We have proposed that differences in myogenic precursor cell properties in EOM maintain normal 
morphology over the lifetime of individuals with DMD due to either greater proliferative potential or greater resistance to 
injury. This hypothesis was tested by exposing wild type and mdx:utrophin +/ ~ (het) mouse EOM and limb skeletal muscles to 
18 Gy gamma irradiation, a dose known to inhibit satellite cell proliferation in limb muscles. As expected, over time het limb 
skeletal muscles displayed reduced central nucleation mirrored by a reduction in Pax7-positive cells, demonstrating a 
significant loss in regenerative potential. In contrast, in the first month post-irradiation in the het EOM, myofiber cross- 
sectional areas first decreased, then increased, but ultimately returned to normal compared to non-irradiated het EOM. 
Central nucleation significantly increased in the first post-irradiation month, resembling the dystrophic limb phenotype. This 
correlated with decreased EECD34 stem cells and a concomitant increase and subsequent return to normalcy of both Pax7 
and Pitx2-positive cell density. By two months, normal het EOM morphology returned. It appears that irradiation disrupts 
the normal method of EOM remodeling, which react paradoxically to produce increased numbers of myogenic precursor 
cells. This suggests that the EOM contain myogenic precursor cell types resistant to 18 Gy gamma irradiation, allowing 
return to normal morphology 2 months post-irradiation. This supports our hypothesis that ongoing proliferation of 
specialized regenerative populations in the het EOM actively maintains normal EOM morphology in DMD. Ongoing studies 
are working to define the differences in the myogenic precursor cells in EOM as well as the cellular milieu in which they 
reside. 
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Introduction 

Skeletal muscle has a remarkable capacity for regeneration after 
injury and in disease. The process of regeneration is dependent on 
a population of myogenic precursor cells that were originally 
defined by their position between the sarcolemma and basal 
lamina and called satellite cells [1]. These cells are normally 
quiescent. Upon injury, these myogenic precursor cells are 
activated and begin a process of proliferation and self-renewal. 
Their progeny can either fuse into injured fibers or fuse together to 
form new myofibers [2]. One generally accepted cellular marker 
for satellite cells is Pax7, which labels these cells when they are 
quiescent and is down-regulated when the cells become activated 
and begin to express MyoD [3], [4]. In diseases like Duchenne 
muscular dystrophy (DMD) and in age-related sarcopenia, the 
regenerative capacity of limb and body skeletal muscle becomes 
exhausted primarily due to exhaustion of the satellite cell pool after 
repeated cycles of muscle degeneration and regeneration, 
ultimately leading to a loss of muscle mass and function [5] , [6] , 
[7], [8], [9]. Not all skeletal muscles are equally affected by DMD, 



and notable exceptions exist that appear to be completely spared 
in DMD and related muscular dystrophies. Spared skeletal 
muscles include a number of craniofacial muscles, including the 
laryngeal and extraocular muscles [10], [11]. 

The extraocular muscles (EOM) are craniofacial muscles 
responsible for the complex and finely controlled movements of 
the eyes. While they are skeletal muscles, the EOM are considered 
a distinct allotype, with a number of differences that distinguish 
them from limb skeletal muscles [12]. In muscular dystrophies 
such as DMD, the EOM are not only morphologically spared, but 
are functionally spared as well [11], [13]. While many causes for 
the sparing of EOM in DMD have been proposed, none have 
proven mechanistic [14], [15], [16]. It is currently thought that 
there are constitutive differences between the EOM and limb 
skeletal muscles that account for their preferential sparing [17]. 

Unlike adult non-craniofacial skeletal muscle, normal uninjured 
adult EOM maintain continuously activated satellite cells, allowing 
the EOM to continuously remodel throughout life [18], [19], [20], 
even in the EOM from elderly humans [21]. Persistentiy activated 
satellite cells may be due to a unique and/ or more abundant 
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subpopulation of myogenic precursor cells retained within the 
adult EOM. This population of cells also may have different 
capacities, such as enhanced survival or greater proliferative 
capacity, which allow the EOM to continuously remodel without 
stem cell exhaustion, different than what is seen in limb skeletal 
muscle [5] . In addition to maintaining this population of activated 
myogenic precursor cells, when subjected to various types of 
muscle injury or drug treatments, EOM and limb muscles tend to 
respond in significantly different ways. One example is the 
response of these two groups of skeletal muscles to chemical 
denervation with botulinum toxin A injections. In treated EOM, 
the satellite cells begin to proliferate robustiy, and muscle mass is 
maintained [22]. In contrast, in limb skeletal muscle botulinum 
toxin injection produces only an abortive regenerative response 
and is followed by muscle atrophy. 

One candidate population enriched in the EOM compared to 
limb skeletal muscle that we previously identified is the EECD34 
cell population, which is CD34 + /Scal" / CD31" / CD45" [23], 
[24]. The EECD34 cells are myogenic and are maintained in 
aging EOM. In mouse models of DMD, the population of 
EECD34 cells declines precipitously in limb skeletal muscle but is 
preferentially retained in the EOM. Interestingly, the EEGD34 
cells derived from the EOM have increased proliferative capacity 
even compared to the "same" cells derived from limb skeletal 
muscle [24]. Recendy we have shown a subpopulation of 
myogenic precursor cells that is distinct from the Pax7-positive 
cells that are up-regulated in EOM compared to limb skeletal 
muscle. These cells express Pitx2 and are also retained preferen- 
tially in the EOM of mouse models of muscular dystrophy and in 
aging skeletal muscle. 

In order to determine if sparing of the EOM in DMD might be 
due to a greater proliferative capacity and/ or a greater resistance 
to injury of one or more of its populations of myogenic precursor 
cells, including Pax7, EECD34, and Pitx2-positive cells, we 
designed gamma irradiation experiments in order to inhibit the 
proliferation of myogenic precursor cells. Irradiation has been 
frequently used to inhibit myogenic precursor cell proliferation 
and regeneration in limb skeletal muscles, including those of 
dystrophic mice [25], [26], [27], [29], [30], [31], [32], in order to 
assess the importance of regeneration in skeletal muscle disease 
and pathology. 

Wild type (C57BL/10) (WT) and dystrophic mdx:utrophin +/ ~ {het) 
mice were treated with an 18 Gy dose of gamma irradiation, 
targeting both EOM and limb skeletal muscle. This mouse 
genotype was chosen for a number of reasons. First, these mdx mice 
haploinsufficient for utrophin have a pathology that more closely 
mimics human DMD than the mdx mouse [33] . The mdxMrophin / 

(dKO) mouse model manifests a very severe skeletal muscle 
pathology [34], and recent work shows that in addition to severe 
muscle degeneration and regeneration-deficient muscle stem cells, 
they also suffer from pathologies of bone and cartilage [35]. 
Muscles from WT and het mice were collected at various post- 
irradiation end-points and assessed for morphological character- 
istics, in order to determine if inhibition of proliferation by gamma 
irradiation would affect disease pathology in EOM and limb 
skeletal muscles and whether this would result in loss of the 
myogenic precursor cells needed for maintenance of the normal 
phenotype in the EOM of the het mice. If greater proliferative 
capacity of one or more of the populations of myogenic precursor 
cells is responsible for maintaining a normal EOM phenotype, 
even in skeletal muscle disease, then inhibiting proliferation should 
result in the appearance in the EOM of pathology characteristic of 
dystrophic limb muscles. 



Methods 

Animal Care 

All experiments were approved by the Institutional Animal Care 
and Usage Committee at the University of Minnesota and 
performed in accordance with NIH guidelines for use of animals 
in research. All mice used in these experiments were maintained 
by Research Animal Resources at the University of Minnesota. 
Mice were raised in 12-hour light/ dark cycles and were allowed to 
feed and drink ad libitum. C57BL/10 mice (Harlan, Indianapolis, 
IN) were used as wild type (WT) controls. Dystrophic mice 
(mdx:utrophin +/ ~ [het]) were maintained as a colony at the 
University of Minnesota through mdx:utrophin +/ breeding pairs 
that originated from Washington University (ECR 42). Four to 
eight mice were used per experiment. The mdx:utwphin +/ ~ mouse 
line was chosen specifically for its pattern of skeletal muscle 
pathology relative to other genotypes. It is well known that the 
muscle pathology of the mdx mouse does not closely mimic human 
DMD, as the mice have a normal lifespan. They display a 
significant degenerative/regenerative response starting at approx- 
imately 1 month but the pathology is significandy reduced by 6 
months [36], [37]. Thus we worried that the return to a more 
normal phenotype in the limb muscles of these mdx mice would 
mask the effects of irradiation. Similarly the mdxMtnphin 1 mouse 
is extremely sick [34], [38]. In our hands, these mice did not 
survive longer than 1-2 months, which was too short for the long 
post-irradiation intervals required for this study. Our first attempts 
at irradiation in these mice showed them to be extremely fragile 
relative to anesthesia, even when closely monitored. Several 
articles were published in the last few years indicating that the 
mdx:utrophin +/ mouse has a phenotype that more closely mimics 
the disease course in DMD patients [33], [39]. Thus, this mouse 
genotype was chosen for our experimental manipulations. 

Gamma Irradiation 

Both het and WT mice were irradiated at a single dose of 18 
Gray (Gy) [40]. Mice were first anesthetized with a ketamine:x- 
ylazine cocktail (100 mg/ml, 10:1, 1.1 mL/kg weight). Anesthe- 
tized mice were placed in a JL Shepard irradiator (' "Cs source), 
and entirely shielded with lead excluding the anterior face region, 
including the orbits, and the right forelimb. Once properly 
shielded, the mice received a dose of 18 Gy irradiation and 
removed from the irradiator. Mice were observed until they 
regained consciousness. Mice were euthanized either for histo- 
chemistry or flow cytometry at the designated end points. Non- 
irradiated animals served as controls for both WT and het mice. 

Immunohistochemistry 

At selected post-irradiation time points, mice were euthanized 
by tank carbon dioxide inhalation, and immediately following 
sacrifice an orbital exenteration was performed removing the 
globe with extraocular muscles (EOM) attached in situ and triceps 
muscles of the left and right forelimb were dissected, removed, 
embedded in tragacanth gum, and frozen in 2-methylbutane 
chilled to a slurry on liquid nitrogen. Sections were prepared at 
1 2 |Im using a cryostat and stored at — 30°C until stained. One set 
of sections was stained with hematoxylin and eosin. Additional 
sections were immunostained with antibodies to collagen I and IV 
(1:1000, Abeam, Cambridge, MA). Briefly, after blocking in 
normal serum, selected sections were incubated in primary 
antibody for 1 hour. The sections were rinsed in phosphate 
buffered saline (PBS), followed by incubation using reagents in the 
Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA). 
Visualization was obtained by incubation in diaminobenzidine 
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using heavy metal intensification and hydrogen peroxide. Spec- 
ificity of antibody binding was verified by processing sections in 
the absence of primary antibody. Satellite cells were immuno- 
stained with Pax7 (1:3000, Aviva Systems Biology, San Diego, CA) 
using the procedure outiined for collagen. 

To visualize Pitx2-positive myogenic precursor cells tissue 
sections were blocked in 20% goat serum/0.2% BSA in phosphate 
buffered saline containing 0.1% triton X-100 (antibody buffer) for 
30 minutes at room temperature, incubated with an antibody to 
Pitx2 (Capra Science, 1:2000) in antibody buffer overnight at 4°C, 
rinsed, blocked for 10 minutes in 20% goat serum/0.2% BSA in 
antibody buffer, and incubated with goat anti-rabbit-AlexaFluor 
488 antibody (Jackson ImmunoResearch, 1:2000) in antibody 
buffer for 1 hour at room temperature [24]. After a PBS rinse, 
sections were incubated for 1 5 minutes with wheat germ agglutinin 
(WGA) conjugated to Texas Red X (Life Technologies, Eugene, 
OR, 1:500) at room temperature. Sections were rinsed, cover- 
slipped, and examined using epifluorescence microscopy. A subset 
of sections were immunostained for Pitx2 using an anti-rabbit 
Rhodamine Red (1:500), followed by brdU immunostaining using 
donkey anti-mouse Alexa Fluor 488 (Jackson ImmunoResearch). 

Analysis 

For central nucleation, a hallmark of cycles of degeneration and 
regeneration, data is presented as percent of centrally nucleated 
myofibers per total fiber number averaged for several fields/ 
section. A minimum of 200 myofibers were analyzed in random 
fields in three muscle cross-sections per animal and for each of the 
two layers of EOM and averaged. A total of 6 mice were used for 
each time point analyzed. 

Pax7-positive and Pitx2-positive nuclei were counted based on 
myofiber number, with a minimum of 200 fibers counted per 
muscle section in random fields for leg muscles and for each layer 
in the EOM. Density of Pax7 or Pitx2-positive cells per myofiber 
number per muscle section was determined from 3-4 fields per 
muscle section, 3 muscle sections averaged per mouse, and 
averaged for six mice at each of the experimental end points 
examined. 

Collagen density was determined using the automated mor- 
phometry feature of the Bioquant Image Analysis System 
(Bioquant, Nashville, TN). The area of each microscopic field 
positive for each specific collagen was determined, and the total 
collagen-positive area was calculated based on the total muscle 
area per field, with 3-4 fields chosen per muscle section, 3 muscle 
sections analyzed and averaged per mouse, with an N of 6 mice 
per experimental time point and genotype. 

Bromodeoxyuridine Labeling 

To assess the effectiveness of 18 Gy irradiation on satellite cell 
division, bromodeoxyuridine (brdU) labeling was performed using 
our standard method [18], [20]. Briefly, all mice received 
intraperitoneal injections of bromodeoxyuridine in sterile isotonic 
saline once per day for 7 days at a dose of 50 mg/kg body weight. 
Sections were quenched with hydrogen peroxide and incubated 
sequentially with blocking serum and biotin-avidin blocking 
reagent (Vector Laboratories). After a rinse in PBS, sections were 
incubated in 2N HC1 for 1 hour at 37°C, followed by 
neutralization in borate buffer and a PBS rinse. The sections 
were incubated in the primary antibody to brdU for 1 hour at 
room temperature (Roche, Indianapolis, IN; diluted 1:1000). After 
a PBS rinse, the sections were incubated using the reagents in the 
Vectastain peroxidase kit (Vector Laboratories), and reacted with 
diaminobenzidine containing heavy metals and hydrogen perox- 
ide. 



Flow Cytometry 

At the selected post-irradiation time points, mice were 
euthanized by tank carbon dioxide inhalation, and immediately 
following sacrifice, the EOM and the muscles of the right forelimb 
were isolated into Dulbecco's modified Eagle's medium (DMEM) 
(Invitrogen, Carlsbad, CA). Mononuclear cells were prepared 
from the muscles by mincing leg muscle into small pieces; EOM 
did not require mincing due to their small size. All tissue was 
digested with collagenase type B and dispase type II (Roche 
Diagnostics, Indianapolis, IN) at 37°C for 15 minutes, triturated, 
and incubated for another 15 minutes until no visible chunks of 
tissue remained. Following digestion, the cell suspensions were 
filtered through a 70 |J.m nylon cell strainer to remove debris. Cells 
were then washed with sorter buffer, which was prepared with 
phosphate-buffered saline (PBS) (Invitrogen) containing 25 mM 
HEPES, 2 mM EDTA, and 1 % fetal calf serum (Adanta 
Biologicals, Lawrenceville, GA). Cells were resuspended in sorter 
buffer and stained with the following antibodies: Seal, CD34, 
CD31, and CD45 (BD Biosciences, San Jose CA) [24]. CeUs were 
incubated with antibodies for 30 minutes at 4°C and washed with 
sorter buffer. To exclude dead and dying cells from analysis, 7- 
aminoactinomycin D (7AAD) (BD Biosciences) was added at a 
1:25 dilution 10 minutes before flow cytometry analysis. Cells were 
analyzed on a FACS Canto (BD Biosciences) housed in the Stem 
Cell Institute at the University of Minnesota, and final analysis was 
performed using the Flowjo software (Tree Star, Inc., Ashland, 
OR ). All analyses were based on a total of 5 independent muscle 
isolations from different mice per experimental time point. 

Statistical Analysis 

Data was expressed as mean +/— SEM. All data were analyzed 
for statistical significance using an analysis of variance (ANOVA) 
followed by either a Tukey's or Dunn's multiple comparison test 
aided by the Prism and Statmate software (GraphPad Software 
Inc., San Diego, CA) for multiple group comparisons. Data were 
considered statistically significantly different if p<0.05. 

Results 

Gamma Irradiation of Wild Type and Het Mice Limb 
Muscles 

As predicted from the literature and as visualized with 
hematoxylin and eosin, no overt histological alteration was seen 
in the 18 Gy irradiated limb muscle from WT mice. No 
inflammatory infiltrate or myofiber necrosis was seen at any of 
the post-irradiation time points (not shown). The cross-sectional 
area of WT irradiated mouse limb muscle increased transiently at 
one week post-irradiation by approximately 38% compared to 
non-irradiated WT controls, but then returned to normal and did 
not change from 2 weeks up to six months after the 18 Gy 
irradiation (Figure 1A). Central nucleation was examined in order 
to assess the process of degeneration/regeneration in these 
muscles. After 18 Gy treatment of WT mouse limb muscles, no 
change in centralized myonuclei density was seen (Figure IB). 

As seen in the WT irradiated limb muscle, no evidence of 
increased inflammatory infiltrate or widespread myofiber necrosis 
was seen in the irradiated het limb muscles (Figure 1 C, D). Note 
that the shielded limb muscle contralateral to the irradiated foreleg 
was not significantly different from the non-irradiated het muscles 
(Figure 1A). However, compared to the WT mice, the limb 
muscles were significandy affected by gamma irradiation in the het 
mouse (Figure 1). The mean cross-sectional area of the untreated 
het triceps myofibers was 43.9% smaller than the normal control 
myofibers, which was highly significant. As seen in the WT control 
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A Effect of 18Gy Irradiation on Myofiber Cross-sectional Area in Leg Muscle 
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Figure 1. Effect of 18 Gy Irradiation on Cross-sectional Areas 
and Central Nucleation in Limb Muscles from Wild Type and 
Het Mice. A. Effect of 18 Gy irradiation on cross-sectional areas in leg 
muscle from wild type (wt) and mdx:utrophin +/ ~ mice (het). Indicates 
significant difference from non-irradiated WT control. # indicates 
significant difference from non-irradiated het control. B. Effect of 18 Gy 
irradiation on central nucleation in leg muscle from WT and het mice, 
'indicates significant difference from non-irradiated WT control. # 
indicates significant difference from 18 Gy 7 day and 14 day het leg 



muscle. C. Photomicrograph of het leg muscle 60 days after gamma 
irradiation at 18 Gy. Arrow indicates a large group of very small 
myofibers. D. Photomicrograph of non-irradiated age-matched het leg 
muscle. Arrow indicates a myofiber with multiple centrally located 
myonuclei. Bar is 20 u.m. 
doi:10.1371/journal.pone.0086424.g001 

triceps muscle, there was a transient 36% increase 7 days after 
irradiation of the het limb muscle cross-sectional area, significant 
when compared to non-irradiated to limb muscle. However, at all 
the other post-irradiation time points, the mean cross-sectional 
areas of the het irradiated limb muscles were 17.6 to 31.1% smaller 
than WT limb muscles from non-irradiated mice (Figure 1A, C, 
D). Non-irradiated het limb muscles, as expected, showed evidence 
of severe disease and cycles of fiber degeneration and regenera- 
tion, with over 58% of their myofibers containing centrally located 
nuclei (Figure IB, C, D). However, by 30 days after irradiation, 
there was a significant reduction in central nucleation compared to 
the non-irradiated het limb muscles, which was maintained up 
through 6 months, with a 27.5% decrease at 1 month and a 
significant 40% decrease by 6 months compared to non-irradiated 
het control limb muscles and a decrease of approximately 45 % at 2 
and 6 months compared both to the peak at 7 days and at 1 4 days 
post-irradiation (Figure IB, C). This suggested that 18 Gy 
irradiation had a long term impact on the regenerative cell 
populations in the irradiated het limb muscles. 

Gamma Irradiation of the Wild Type and Het Mice EOM 

In the irradiated WT EOM, no inflammatory infiltrate or 
myofiber necrosis was seen at any of the post-irradiation time 
points. Irradiated EOM from WT mice did not show significant 
changes in cross-sectional area after gamma irradiation at any 
post-irradiation time point (Figure 2A), nor were there any 
changes to the low rate of central nucleation found in WT EOM 
(Figure 2B). 

As seen in the WT irradiated EOM, no evidence of increased 
inflammatory infiltrate or widespread myofiber necrosis was seen 
in the irradiated het EOM (Figure 2 C, D). However, in contrast, 
the mean EOM myofiber cross-sectional areas in the non- 
irradiated het mice were 23% and 29.5% larger than those in 
WT mice (Figure 2A). In both the orbital and global layers, there 
was a transient decrease in cross-sectional area at 7 days post- 
irradiation, 17 and 20% respectively, compared to non-irradiated 
het EOM, but only significant for the global layer myofibers. 
However, the mean cross-sectional areas in the het EOM at 7 days 
post-irradiation were not significantly different from WT control 
values. In the irradiated het EOM, this transient decrease was 
followed by a significant increase in mean myofiber size in the 
global layer, which was 11.8% and 21.9% greater than non- 
irradiated het muscles at 14 and 30 days post-irradiation. 
Compared to WT control EOM, this represents a 46.66% and 
59.85% increase in mean myofiber cross-sectional area. Thus, in 
contrast to the limb skeletal muscle myofibers, irradiation resulted 
in a significant increase in mean myofiber size in the EOM global 
layer fibers at 14 and 30 days post-irradiation. The myofibers then 
gradually returned to cross-sectional areas that were not signifi- 
cantly different from non-irradiated het EOM over the next few 
months (Figure 2A). In addition, the het EOM maintained cross- 
sectional areas similar to the WT controls 6 months after 
irradiation treatment. 

Most striking, however, was the significant increase in central 
nucleation in the irradiated het EOM, specifically in the global 
layer (Figure 2B, C, D). One week after 18 Gy irradiation of the het 
EOM, there was a 4-fold increase in the incidence of central 
nucleation. By two weeks after irradiation, there was 60-fold 
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Figure 2. Effect of 18 Gy Irradiation on Cross-sectional Areas 
and Central Nucleation in Extraocular Muscles from Wild Type 
and Het Mice. A. Effect of 18 Gy irradiation on cross-sectional areas in 
extraocular muscle (EOM) from WT and mdx:utrophin +/ ~ mice {het) mice, 
'indicates significant difference from non-irradiated WT control. # 
indicates significant different from non-irradiated het muscle. B. Effect 
of 1 8 Gy irradiation on central nucleation in EOM from WT and het mice. 
Indicates significant difference from non-irradiated WT and het 
muscles. C. Photomicrographs of het extraocular muscle 14 days after 
18 Gy irradiation. Arrows indicate myofibers with centrally located 
nuclei. D. Wild type (WT) extraocular muscle 14 days after 18 Gy 
irradiation. Sections are stained with hematoxylin and eosin. Bar is 
50 urn. 

doi:1 0.1 371 /journal.pone.0086424.g002 



increase in the percent of myofibers in the EOM that were 
centrally nucleated (Figure 2B, C, D), which was maintained at 
one month post-irradiation with a 50-fold increase compared to het 
non-irradiated EOM. Essentially, at one, two and four weeks after 
a single 1 8 Gy dose of gamma irradiation, the EOM acquired a 
dystrophic phenotype (Figure 2C). Just as striking is the complete 
return to normalcy - relative to central nucleation - by 2 months 
and maintained at 6 months. This suggests that there is a dynamic 
change in the process of myofiber remodeling/ repair in the short 
term after 18 Gy irradiation, which resolves and returns to the 
normal process of EOM remodeling in these irradiated het EOM 
at 2 and 6 months. 

Effects of Gamma Irradiation on brdU Incorporation into 
Het EOM and Leg Muscles 

BrdU labeling was examined in both naive and gamma 
irradiated EOM and limb muscles from het mice to assess its 
effect on proliferating myogenic precursor cells. In the non- 
irradiated het limb muscles, significant brdU-labeling of nuclei was 
seen after 7 days of brdU injections (Figure 3A). These brdU- 
positive nuclei were found both in the satellite cell position 
(Figure 3A, white arrow) and in foci of recently regenerated 
myofibers as evidenced by the central location of the brdU-positive 
nuclei (Figure 3A, black arrow). BrdU-positive nuclei were not 
found 7 days after irradiation of the het limb muscles, which was 
expected due to the preferential cell death of dividing myogenic 
precursor cells after gamma irradiation (Figure 3B). Note that faint 
centrally located nuclei were still present a result of previous 
regeneration prior to brdU labeling; they were just not labeled 
with brdU (Figure 3B, black arrow). In contrast, brdU-labeled 
nuclei in the satellite cell position were present in both the het non- 
irradiated (Figure 3C) and het irradiated (Figure 3D) EOM. This 
suggested that at least a subset of the myogenic precursor cells in 
EOM appear to be resistant to 18 Gy irradiation. 

Effect of Gamma Irradiation on Pax7 Cell Density 

As a result of this dramatic appearance of a dystrophic 
phenotype in the irradiated het mouse EOM and the reduction 
in brdU-positive cells after irradiation, analysis of changes to 
specific populations of myogenic precursor cells was undertaken. 
Irradiation at 18 Gy resulted in a significant reduction of Pax7- 
positive cells in both WT and het limb muscles, with decreases 
ranging from 50-85% of the non-irradiated levels (Figure 4A, B, 
E). This decrease in the Pax7 population mirrored the decline in 
central nucleation seen after irradiation of the het limb muscle. 

In contrast to limb muscles, irradiation of WT EOM resulted in 
a significant increase in Pax7-positive cells in the orbital layer at 14 
days and the global layer at 7 and 14 days post- irradiation, 21% 
and 67.6% for the orbital layer, and 44.8% and 113% for the 
global layer. This was followed by a significant decrease in the 
Pax7-positive cells in the WT EOM 30 days post-irradiation, a 
rebound increase at 2 months, and a return to normalcy by 6 
months. 

Gamma irradiation also resulted in a significant increase in the 
density of Pax7-positive cells in het EOM at 7 days post-irradiation 
in both orbital and global layers, increases of 80.5% and 65.9% in 
the orbital and global layers respectively (Figure 4C,D, F). 
However, at 14 d and 30 d in the orbital layer and at 14 days 
in the global layer, Pax7 cell density was significantly decreased 
compared to normal WT levels, although they were not different 
from the het non-irradiated levels. Immunostaining also revealed 
that there were Pax7-positive centrally located nuclei within the 
EOM cross-sections within the first month post-irradiation (not 
shown). The significant alteration in the Pax7 population of 
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Figure 3. Bromodeoxyuridine Labeling of Irradiated and Non- 
Irradiated Limb and Extraocular Muscle from Het Mice. 

Photomicrographs of sections from het leg muscle and het EOM 7 
days after 18Gy irradiation followed by daily bromodeoxyuridine 
(brdU) injections for 7 days and immunostained for brdU. A. Non- 
irradiated het leg muscle. Arrow indicates a brdU-positive myonucleus. 
B. Irradiated het leg muscle. Horizontal arrow indicates a non-brdU 
labeled myonucleus. C. Non-irradiated het EOM. Cells positive for brdU 
are indicated by white arrows. D. Irradiated het EOM. Cells positive for 
brdU are indicated by vertical black arrows. All photomicrographs are 
the same magnification. Bar is 20 urn 
doi:10.1371/journal.pone.0086424.g003 

myogenic precursor cells in het EOM after irradiation suggests that 
there were more Pax7-positive cells available for muscle remod- 
eling and repair in the period when central nucleation increases 
began. The pattern of decrease in the density of the Pax7-positive 
cells, after a significant elevation, correlated temporally with the 
significant increases in cross-sectional area and central nucleation. 
This suggests that the observed decrease in the Pax7-positive cells 
in the two to four week post-irradiation period may be due to their 
fusion into EOM myofibers resulting in central nucleation in the 
myofibers of the irradiated het EOM. Pax7-positive central nuclei 
also support this hypothesis. 

Effect of Gamma Irradiation on EECD34-Positive Cell 
Density 

Our previous studies identified a population of myogenic 
precursor cells that are elevated in EOM compared to limb 
skeletal muscle and retained in the EOM of mouse models of 
DMD. These cells, the EECD334 cells, are positive for CD34 and 
negative for Seal, CD31, and CD45 [23], [24]. The effect of 
18 Gy irradiation was assessed on EECD34 cells using flow 
cytometry and analyzed on the basis of percent positive per total 
live mononuclear cells in both WT and het EOM and limb 
muscles. The percent of EECD34 cells in irradiated WT limb 
muscles decreased 46% after one week, 62% after two weeks, and 
then tripled in density by one month. However, the density of 
these cells in limb muscle is extremely low [23], [24]; thus, it is 
unclear what role these cells play in repair and regeneration in 
limb skeletal muscle. 

A similar picture was seen in the EOM of WT mice, where the 
percent of EEGD34 cells stayed constant one week after 
irradiation, showed a large and significant decrease of 75% two 
weeks after 18 Gy irradiation, and then returned to normal density 
by one month (Figure 5A). Thus, while these cells appeared to be 
initially affected by the 1 8 Gy irradiation, they rebounded quickly 
to return to their normal density levels. 

The effect of irradiation on the EECD34 cells in the het mouse 
EOM and limb muscles was also examined. The het limb muscles 
showed very little change in their already low levels of these cells. 
However, the het EOM showed a significant decrease of 62.7% in 
the density of these cells one week after 18 Gy irradiation 
compared to non-irradiated het EOM, and a return to normal 
levels by two weeks (Figure 5B). This pattern was similar to the 
WT EOM changes in the EECD34 cells, but the loss of these cells 
occurred one week earlier, suggesting that more were proliferating 
in the het EOM and therefore more susceptible to injury from the 
gamma irradiation. It should be noted, however, that these are 
relatively rare cells, and most likely represent a "reserve" 
multipotent precursor cell population [23], [24]. 

Effect of Gamma Irradiation on Pitx2-Positive Cell Density 

There is another relatively unique population of myogenic 
precursor cells that express Pitx2, and these are significantly 
elevated in EOM compared to limb skeletal muscle [24]. While 
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Figure 4. Effect of 18 Gy Irradiation on Pax7 Cell Density in Limb and Extraocular Muscles from Wild Type and Het Mice. A. Cross- 
section of non-irradiated het leg muscle immunostained for Pax7-positive cells, indicated by black and white arrows. B. Cross-section of het leg 
muscle 7 days after 18 Gy irradiation and immunostained for the presence of Pax7-positive cells. No positive cells can be seen. C. Cross-section of 
non-irradiated het EOM immunostained for the presence of Pax7-positive cells, an example indicated by white arrow. D. Cross-section of het EOM 7 
days 7 days after 1 8 Gy irradiation and immunostained for the presence of Pax7-positive cells. All the black nuclei are Pax7-positive cells. Bar is 20 urn. 
E. Effect of 18 Gy irradiation on Pax7-positive cell density in leg muscle Indicates significant difference from non-irradiated WT control and non- 
irradiated het control. F. Effect of 18 Gy irradiation on Pax7-positive cell density in EOM from WT and het mice. Indicates significant difference from 
non-irradiated WT control and non-irradiated het control. # indicates significant difference from non-irradiated WT orbital control. 
doi:1 0.1 371 /journal.pone.0086424.g004 



the majority of EECD34 cells also express the transcription factor 
Pitx2 [24], there are many more Pitx2-positive cells in EOM 
beyond those that are CD34 + . These were plentiful in both WT 
and het adult EOM (Figure 6, 7). This population was quantified in 
tissue sections from irradiated and non-irradiated het EOM. 
Gamma irradiation resulted in an increased density of these cells 
in both orbital and global layers within one week, with increases of 
71.66% and 185.2% respectively. This increased density was 
particularly large in the global layer where they are normally more 
sparsely localized (Figure 6A, B, E). The density of Pitx2-positive 
cells returned to control levels by 14 days post- irradiation 
(Figure 6E). It should be noted that the Pitx2-positive nuclei were 
located both external and internal to the WGA membrane staining 
(red), and no Pitx2-positive nuclei were found centrally located 
within the myofiber cross-sections (Figures 6, 7). 



Effect of Irradiation on EECD34 Cells 
in Wild Type Muscle 



* 




Effect of Irradiation on EECD34 Cells 
in mdx:utrophin + '" Muscle 
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Figure 5. Effect of 18 Gy Irradiation on EECD34 Cell Density in 
Limb and Extraocular Muscles from Wild Type and Het Mice. A. 

Effect of 18 Gy irradiation on EECD34 cell percentages in WT EOM and 
limb muscle as determined by flow cytometric analysis calculated based 
on total live cells. Indicates significant difference. B. Effect of 18 Gy 
irradiation on EECD34 cell percentages in het EOM and limb muscle as 
determined by flow cytometric analysis based on total live cells. 
Indicates significant difference. 
doi:1 0.1 371 /journal.pone.0086424.g005 



To determine if the increase in Pitx2-positive cells at 7 days 
post-irradiation was due to replication or differentiation of existing 
precursor cells, het EOM cross-sections immunostained for both 
Pitx2 and brdU were examined. The vast majority of the Pitx2- 
positive cells 17 days after the 18 Gy irradiation were brdU- 
negative (Figure 8A). In the non-irradiated (shown) and irradiated 
EOM, cells positive for brdU and Pitx2 were observed; however, 
they were relatively rare (Figure 8B). 

Effect of Irradiation on Collagen I and IV 

It is possible that the development of a dystrophic pathology in 
the het EOM was due to the effects of irradiation on connective 
tissue elements and resultant fibrosis. The levels of both collagen I 
and collagen IV were determined in these muscles and in the limb 
muscles. In limb muscles, the het mice had a significandy greater 
density of both collagens when compared to the WT mouse 
muscles, 73.9% more collagen I and 41.5% more collagen IV 
(Figure 9). Irradiation resulted in a 100% increase in collagen I in 
the WT limb muscles 14 days after treatment, and this was 
followed by a return to non-irradiated levels by 30 days 
(Figure 9A). Irradiation did not result in a change in collagen I 
in the het limb muscles compared to non-irradiated het limb 
muscles. Irradiation resulted in no change of collagen IV density in 
WT or het limb muscles (Figure 9B). 

There was no statistically significant difference in collagen I or 
IV density between the non-irradiated WT and het EOM. In WT 
mice, irradiation resulted in collagen I changes in WT EOM 
similar to those seen in limb muscles, with a 100% increase in 
collagen I density 2 weeks after irradiation followed by a return to 
normal non-irradiated collagen I levels (Figure 9C). In the WT 
EOM, irradiation produced a 25.4% increase in collagen IV at 2 
and 4 weeks after irradiation of WT EOM. Interestingly, 
irradiation of het EOM did not result in any significant changes 
in the density of either collagen I or IV (Figure 9). 

Discussion 

Gamma irradiation of 18 Gy had little effect on WT limb or 
EOM in the short or long term; there were few changes in muscle 
fiber size or central nucleation. In contrast, the irradiated het limb 
muscle showed a decrease in both muscle fiber size and central 
nucleation that was mirrored by a decline in the number of 
resident Pax7-positive satellite cells in the irradiated limb muscles. 
This suggests that in the het mice gamma irradiation reduced the 
population of Pax7 satellite cells to a level that resulted in 
insufficient numbers in the dystrophic mouse limb muscles to 
maintain their muscle mass with increased post-irradiation 
duration. The EOM response to 18 Gy irradiation was quite 
different. First, non-irradiated het EOM myofibers were signifi- 
cantly larger in mean cross-sectional area than WT EOM 
myofibers. Gamma irradiation of het EOM caused a short-term 
decrease in myofiber size at 7 days post-irradiation. However, in 
stark contrast to felimb muscle, at 14 and 30 days post-irradiation 
the het EOM myofibers were significantly larger than the non- 
irradiated het EOM myofibers. The myofibers in the het EOM 
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Figure 6. Effect of 18 Gy Irradiation on Pitx2 Cell Density in Extraocular Muscles from Het Mice. Photomicrographs of het EOM 
immunostained for Pitx2 (green, indicated by arrows) and wheat germ agglutinin (WGA, red) to visualize the sarcolemma from A. non-irradiated het 
EOM, B. 7 days after 18 Gy irradiation, C. 14 days after 18 Gy irradiation, and D. het limb muscle showing the extreme paucity of Pitx2-positive cells. 
Magnification: x400. E) Morphometric analysis of number of Pitx2 positive cells as percent of myofiber number, "indicates significant difference from 
non-irradiated het control EOM. 
doi:1 0.1 371 /journal.pone.0086424.g006 

gradually returned to normal het cross-sectional areas by 2 months myogenic precursor cells whose function is taken over by a 
post-irradiation. Most provocative was the appearance of a distinctly different precursor type whose fusion into existing 
dystrophic phenotype, as defined by central nucleation, in the het myofibers results in central nucleation. 
EOM in the month following irradiation. We hypothesize that the 
EOM actively maintain their normal morphology in muscular 
dystrophies; irradiation removes one or more populations of 
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Figure 7. Localization of Pitx2-Positive Nuclei in Extraocular 
Muscles. A. Photomicrograph of a longitudinal section through a non- 
irradiated het EOM immunostained for Pitx2 (green) and wheat germ 
agglutinin (WGA, red). Arrow indicates a Pitx2-positive cell outside of 
the myofiber sarcolemma (red). B. Photomicrograph of a longitudinal 
section through a het EOM 7 days after 18 Gy irradiation. Note the 
increased number of Pits2-positive cells both in the satellite cell 
position within the basal lamina of individual myofibers and their 
location directly deep to the sarcolemma as immunostained by Pitx2 
(green) and wheat germ agglutinin (red). An example is indicated by 
the white arrow. Magnification: x400. 
doi:1 0.1 371 /journal.pone.0086424.g007 

Post-Irradiation: Limb Muscle 

The effects of gamma irradiation on limb muscle were as 
predicted. In agreement with previous studies, analysis showed 
that high doses of gamma irradiation have little effect on WT limb 
muscle fiber size [41]. The reduction in central nucleation and 
mean myofiber cross-sectional area in het triceps muscles after 
irradiation agrees with previous studies in irradiated soleus and 
extensor digitorum longus muscles of adult mdx mice [25], [28], 
[30], [40]. Additionally we showed a clear temporal correlation 
between the het limb muscle reductions in myofiber size and 
central nucleation and the density of Pax7-positive myogenic 
precursor cells. While a similar significant reduction in Pax7- 
positive cell density was seen in the WT irradiated limb muscles, 
the lack of injury or disease in these muscles presumably protected 
them from this loss of satellite cells. Injury to these irradiated WT 
limb muscles may be able to demonstrate deficiencies in the 
regenerative potential caused by the significant loss of Pax7- 
positive satellite cells, as would be predicted by the literature [31], 
[42], [43], [44]. 



Figure 8. Co-expression of Pitx2 and brdU in Extraocular 
Muscles from Het Mice. A. The vast majority of Pitx2-positive cells in 
both irradiated (shown) and non-irradiated (not shown) het EOM were 
brdU-negative (vertical white arrows) B. Although rare, brdU-positive 
cells that co-expressed Pitx2 were also seen in the irradiated het EOM 
(horizontal yellow arrows). Bar is 20 urn. 
doi:10.1371/journal.pone.0086424.g008 

Post-Irradiation: Het EOM at 7 Days 

Similar to WT limb muscle, 18 Gy irradiation did not cause a 
change in EOM myofiber size in the WT mice. Irradiation of het 
EOM resulted in a short term reduction in mean cross-sectional 
area in the EOM. This change correlated temporally with 
significant increases in Pax7-positive cells and Pitx2-positive cells. 
Our previous study demonstrated that there is little to no overlap 
between these two different myogenic precursor cell populations in 
EOM [24]. The initial four-fold increase in central nucleation in 
the irradiated het EOM at 7 days post-irradiation coincided 
temporally with the large elevation in Pax7-positive cells. As these 
muscles had been irradiated, and the brdU analysis showed a 
decrease in brdU-positive satellite cells, it is presumed that this 
increase is due to differentiation of Pax7-positive cells from pre- 
existing precursor cells residing in the EOM. This is supported by 
studies demonstrating that muscle hypertrophy induced by stretch 
or mechanical overload can occur, with concomitant up-regula- 
tion of MyoD and myogenin in the absence of satellite cell 
proliferation [45], [46]. While skeletal muscles with tamoxifen- 
induced satellite cell depletion were regeneration-deficient, the 
muscles of those Pax7-depleted muscles retained the ability to 
hypertrophy, that is increase their cross-sectional areas, after 
unloading-induced atrophy [47]. While increased central nucle- 
ation at 7 days post-irradiation correlated temporally with 
increased density of Pax7-positive cells, it also correlated with 
decreased myofiber cross-sectional areas. This seems counterintu- 
itive in light of the fact that Pitx2-positive cells were also increased 
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Figure 9. Effect of 18 Gy Irradiation on Collagen Density in Limb and Extraocular Muscles from Wild Type and Het Mice. A. Effect of 
1 8 Gy irradiation on collagen I levels in WT and het leg muscle. B. Effect of 1 8 Gy irradiation on collagen IV levels in WT and het leg muscle. C. Effect of 
18 Gy irradiation on collagen I levels in WT and het EOM. D. Effect of 18 Gy irradiation on collagen IV levels in WT and het EOM. indicates significant 
difference from non-irradiated WT muscle. 
doi:1 0.1 371 /journal.pone.0086424.g009 



in density. However, several potential mechanisms can be evoked. 
First, only an extremely rare Pitx2-positive cell was also brdU 
positive, suggesting that their up-regulation in density was the 
result of differentiation of a precursor cell that is of yet 
uncharacterized. In normal EOM, 80% of EECD34 cells were 
Pitx2-positive, while many Pitx2-positive cells were CD34-negative 
[24]. One hypothesis is that the EECD34 cells (or some other yet 
undefined cell type) are precursor cells to the Pitx2-positive 
population; this would explain the decrease in EECD34 cells and 
the concomitant increase in Pitx2-positive cells in the absence of 
proliferation. As the number of centrally nucleated myofibers is 
lower at 7 days post-irradiation than at 1 4 days post-irradiation, it 
may be that at shorter time intervals, these cells would be reduced 
in density compared to non-irradiated het EOM. Thus, the 
elevated numbers are a response to some signal from the 
irradiated, and presumably dying proliferative cells as a result of 
irradiation, and this in turn would initiate their rapid replenish- 
ment. In addition, the majority of Pitx2-positive nuclei in normal 
EOM are peripherally located myonuclei [24], [47], [48], [49]. In 
contrast, it appears that many of the Pitx2-positive nuclei in the het 
irradiated EOM appeared to be in the satellite cell position. We 
suggest, and these results support, the hypothesis that Pitx2- 
positive myogenic precursor cells maintain EOM cross-sectional 
area, but in contrast to Pax7-positive myogenic precursor cells, 
they fuse with the EOM myofibers and maintain peripheral 
nucleation, as central nucleation and increased myofiber cross- 
sectional areas in the het irradiated EOM followed periods of 
increased density of both Pax7 and Pitx2-positive myogenic 
precursor cells. (See Figure 7). 

Post-Irradiation: Het EOM at 14 and 30 Days 

The het EOM myofibers were significandy larger than those in 
the non-irradiated het EOM. The concomitant appearance of large 
numbers of centrally nucleated myofibers in the irradiated het 
EOM together with increased myofiber sizes at 2 and 4 weeks after 
irradiation suggests that irradiation significantly altered the normal 
process of EOM remodeling in het EOM that is normally involved 



in their sparing [18], [20]. There are a number of examples in the 
literature where the EOM respond to perturbations or disease in a 
direction opposite to that of limb skeletal muscles. For example, 
after treatment with botulinum toxin A, limb skeletal muscle fibers 
atrophied during the period of chemical denervation [50], [51]. 
After treatment of the EOM with botulinum toxin, the myofibers 
actually became larger in mean cross-sectional area [22], [52]. In 
addition to their sparing in DMD, the EOM are also spared in the 
sarcopenia associated with aging and in neurogenic wasting 
diseases such as amyotrophic lateral sclerosis [53], [54]. What is 
not seen in the EOM of humans or animals with these diseases or 
after injury is the appearance of central nucleation. 

This increased central nucleation and the increased myofiber 
areas correlated temporally with a return to the normal density of 
the Pax7- and Pitx2-positive cells. Fusion of a large number of 
Pax7-positive satellite cells into the het EOM myofibers would also 
explain the resulting drop in Pax7-positive cell density seen at 14 
days post-irradiation. However, it is also quite interesting that in 
contrast to het limb muscle, 1 8 Gy irradiation did not result in the 
long-term reduction in density of the Pax7-positive cell population. 
This dynamic capacity to respond with increased proliferation in 
the Pax7-positive satellite cell population in EOM has been seen in 
previous studies involving EOM perturbations including chemical 
denervation and surgery [22], [55]. A number of factors could 
explain this difference between what are ostensibly the same cells 
in EOM and limb skeletal muscle. First, the precursor stem cell in 
the EOM for the Pax7-population may be more resistant to 
irradiation-induced injury due to the presence of protective factors 
present in EOM but either absent or at insufficient levels in limb 
skeletal muscle. For example, the EOM maintain high levels of 
insulin-like growth factor-I (IGF-I) and its receptor [56], [57], [58], 
which has been shown to have protective effects on myogenic 
precursor survival [59], [60]. Another possibility is that the 
myogenic precursor cells, or a subset of them, are less susceptible 
to injury based on some intrinsic property as yet undefined. We 
have demonstrated resistance of the EEGD34 cells to oxidative 
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Figure 1 0. Model of Our Working Hypothesis of the Effect of 1 8 Gy Irradiation on het Mouse Limb and Extraocular Muscles. A. In het 

limb skeletal muscle, gamma irradiation (lightning bolt) damages the Pax7-positive myogenic precursor pool, reducing Pax7 cell density (shown by 
red line), which in turn ultimately results in smaller myofibers and less central nucleation. Line at the bottom summarizes the change in Pax7-positive 
myogenic precursor cell density post-irradiation. B. In het EOM at 7 days post-irradiation, there is an onset of central nucleation and a reduction in 
myofiber cross-sectional area. This correlates temporally with increases in Pax7 and Pitx2 cell density and decreases in EECD34 cells. At 14 days post- 
irradiation, central nucleation is wide-spread in the global layer, myofiber areas increase, and the density of all myogenic precursor cells studied 
returns to normal. We hypothesize that fusion of the Pax7-positive cells into individual myofibers results in central nucleation, supported by finding 
Pax7-positive central nuclei, while the Pitx2-positive cells fuse into the existing myofibers but remain peripherally located. As time progresses, the 
normal equilibrium in the process of EOM myofiber remodeling returns, with a return to normal myofiber size, peripheral nucleation, and myogenic 
precursor cell density. Red: Pax7-positive cells. Green: activated satellite cells. Mustard: Pitx2-positive cells. Purple: EECD34 cells. Blue: newly added 
centrally located nuclei. Maroon: original centrally located nuclei. Brown: newly added peripherally located nuclei. Black: original peripherally located 
nuclei. 

doi:1 0.1 371 /journal.pone.0086424.g01 0 



stress in vitro [23] and increased survival of myogenic precursor 
cells even in procedures used to isolate them [61]. 

The Pitx2 population returns to normal levels 2 weeks post- 
irradiation in the het EOM. As knock-down of Pitx2 results in a 
decreased fusion index in vitro [24], we hypothesize that Pitx2- 
positive myogenic precursor cells in EOM fuse continuously into 



existing uninjured EOM myofibers and maintain peripheral 
nucleation during this process. The initial increase and sustained 
maintenance of Pitx2-positive cells suggests that both the Pitx2- 
positive cells and the precursor cells for the Pitx2-positive cells are 
resistant to 18 Gy irradiation, and respond to gamma irradiation 
by increased differentiation into Pitx2-positive cells. There is 
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certainly precedence for a myogenic precursor cell type that is 
resistant to irradiation at 18 Gy [32]. In contrast to what we see in 
the EOM of the het mice in our study, the irradiation resistant 
myogenic stem cells seen in notexin-injured muscle in normal mice 
were significandy diminished in the notexin-injured irradiated mdx 
mice [32]. These different results support our working hypothesis 
that the EOM have myogenic precursor cell populations with 
markedly different properties of survivability and proliferation 
rates than those limb skeletal muscle, even if identified with the 
same cell markers (e.g. Pax7). This is supported by our in vitro 
studies of EECD34 cell proliferation, which is different in cells 
derived from EOM as compared to limb muscle [24]. 

Working Model 

We propose that in het limb muscle, 1 8 Gy irradiation markedly 
decreases the population of Pax7 satellite cells, and over time this 
results in less central nucleation (Figure 10A). We also propose that 
het EOM maintains the continuous remodeling seen in normal 
EOM [20] . In het EOM, at 7 days post-irradiation the decreased 
myofiber cross-sectional area and the initial increase in central 
nucleation correlate temporally with increases in the Pax7 and 
Pitx2-positive precursor cell densities and a concomitant decrease 
in the EECD34 cell density (Figure 10B). As there is little evidence 
that the increased numbers of these precursor cells are due to 
proliferation at these shorter time points, we suggest that the 
increased density is due to their differentiation from a radiation- 
resistant precursor cell population. We hypothesize that at 14 days 
post-irradiation, the Pax7-positive cell density decreases as a result 
of their fusion into EOM myofibers forming centrally located 
myonuclei; the Pitx2-positive cells return to their normal function, 
where their fusion into EOM myofibers results in Pitx2-positive 
myonuclei that are peripherally located (Figure 6) and resulting in 
significandy increased myofiber cross-sectional areas. Thus, 
concurrendy there is Pax7 and Pitx2-positive cell fusion with 
existing myofibers in the irradiated het EOM by 14 days post- 
irradiation (Figure 10B). By two months, both populations have 
returned to their normal densities in the het EOM, and normal 
appearance is regained. On-going studies are testing this 
hypothesis by examination of shorter time points after gamma 
irradiation. 

Post-Irradiation: Collagen I and IV 

Collagens are a large super-family of proteins, but they can be 
grouped by function [62], [63]. Collagen I is one of predominant 
forms found in skeletal muscle, in the group of fibril-forming 
collagens, and is involved in providing tensile strength and rigidity 
to muscles. In comparison, collagen IV is the major basement 
membrane collagen of the body and surrounds myofibers, 
providing a collagenous skeleton within skeletal muscles. We have 
shown that both of these are expressed in the EOM [64] . 

References 

1. Mauro A. (1961) Satellite cell of skeletal muscle fibers. J Biophys Bioehcm Cytol 
9: 493-495. 

2. Carlson BM, Faulkner JA (1983) The regeneration of skeletal muscle fibers 
following injury: a review. Med Sei Sports Exerc 15: 187—198. 

.3. Scale P, Sabourin LA, Girgis-Garbado A, Mansouri A, Gruss P, et al. (2000) 
Pax7 is reejuircd for the specification of myogenic satellite cells. Cell 102: 777- 
786. 

4. Zammit PS, Relaix F, Nagata Y, Ruiz AP, Collins CA, ct al. (2006) Pax7 and 
myogenic progression in skeletal muscle satellite cells. J Cell Sei 1 19: 1824—1832. 

5. Renault V, Piron-Hamclin G, Forcsticr C, DiDoima S, Dccary S, et al. (2000) 
Skeletal muscle regeneration and the mitotic clock. Exp Gerontol 35: 711-719. 

6. Taylor-Jones JM, McGchcc RE, Rando TA, Lecka-Czernik B, Lipschitz DA, et 
al. (2002) Activation of an adipogenie program in adult myoblasts with age. 
Mech Ageing Dcv 12.3: 649-661. 



While the densities of collagens I and IV were significandy 
elevated in het limb muscle, there was no difference between the 
densities of collagen I and IV in WT or het EOM. This has been 
reported for limb muscle in het mice, but the EOM have not been 
studied previously [33], [65]. It is quite interesting that irradiation 
at 18 Gy did not significantly alter the overall levels of either of 
these collagens in the EOM or limb muscles. While it has been 
reported that 20 Gy irradiation resulted in a significant loss in 
fibrosis in mdx mice, this study was performed in 1 0 day old mice 
in a period when they are undergoing rapid muscle growth [25] as 
opposed to adult mice in the present study. Our results are 
supported by an in vitro study showing that this dose of gamma 
irradiation preferentially hampered fibroblast replication and 
growth, which resulted in enrichment of terminally differentiated 
myofibers in their cultures [66]. Based on our results, it does not 
appear that irradiation of either EOM or limb muscles changes 
levels of tissue fibrosis, at least as measured by collagen I and IV 
levels. 

Conclusions 

We hypothesize that the EOM is spared in muscular dystrophy 
due to a population of myogenic precursor cells that is either 
highly proliferative or better able to survive in the diseased 
environment of a dystrophic muscle. The experiments described in 
this study support this hypothesis, as alterations in myogenic 
precursor cell proliferation presumably caused by 18 Gy irradia- 
tion resulted in altered levels of specific subpopulations of 
myogenic precursor cells and the appearance of a dystrophic 
phenotype in the EOM of the het (mdx:utrophin +/ ~) model of 
muscular dystrophy [33], [65]. We have correlated this temporally 
with up-regulation of Pax 7 and Pitx2 myogenic precursor cells and 
the down-regulation of EECD34 cells. Even though identified 
using the same cellular markers, e.g. Pax7, it is clear that the 
ability to survive gamma irradiation differs between the het EOM 
and limb muscle. On-going studies are working to define more 
completely the molecular and functional differences between these 
myogenic precursor cells in EOM that normally allows for their 
complete sparing in DMD. By understanding why the EOM are 
spared in DMD and other forms of muscular dystrophy, ultimately 
we hope to elucidate the molecular pathway(s) that control the 
sparing of the myogenic precursor cells in EOM, which in turn 
may provide a therapeutic target for enhancing the regenerative 
capacity and regenerative duration of the myogenic precursor cells 
in dystrophic limb skeletal muscle. 

Author Contributions 

Conceived and designed the experiments: AAM MDK LKM. Performed 
the experiments: AAM MDK LKM. Analyzed the data: AAM MDK 
LKM. Contributed reagents/materials/analysis tools: AAM MDK LKM. 
Wrote the paper: AAM MDK LKM. 



7. Mouly V, Aamiri A, Bigot A, Cooper RN, Di Donna S, ct al.(2005) The mitotic 
clock in skeletal muscle regeneration, disease and cell medicated gene therapy. 
Acta Physiol Scand 184: 3-15. 

8. Brack A, Rando RA (2007) Intrinsic changes and extrinsic influences of 
myogenic stem cell function during aging. Stem Cell Rev 3: 226-237. 

9. Wallace GQ, McNally EM (2009) Mechanisms of muscle degeneration, 
regeneration, and repair in the muscular dystrophies. Annu Rev Physiol 71: 
.37-57. 

10. Marques MJ, Fcrrctti R, Vomcro VU, Minatel E, Ncto HS (2007) Intrinsic 
laryngeal muscles are spared from myonecrosis in the mdx model of Duehcnne 
muscular dystrophy. Muscle Nerve 35: 349-353. 

11. Karpati G, Carpenter S. (1986) Small caliber skeletal muscle fibers do not suffer 
deleterious consequences of dystrophic gene expression. Am J Med Genet 25: 
653-658. 



PLOS ONE | www.plosone.org 



13 



January 2014 | Volume 9 | Issue 1 | e86424 



Gamma Irradiation in Dystrophic Mice 



12. Lucas CA, HohJF (1997) Extraocular fast myosin heavy chain expression in the 
levator palpchrae and retractor bulbi muscles. Invest Ophthalmol Vis Sci 38: 
2817-2825. 

13. Kaminski HJ, al-Hakim M, Leigh RJ, Katirji MB, Ruff RL. (1992) Extraocular 
muscles are spared in advanced Duchcnne dystrophy. Ann Neurol 32: 586-588. 

14. Khurana TS, Prendergast RA, Alameddinc HS, Tome FM, Fardeau M, et al. 
(1995) Absence of extraocular muscle pathology in Duchenne's muscular 
dystrophy: role for calcium homeostasis in extraocular muscle sparing. J Exp 
Med 182: 467-475. 

15. Ragusa RJ, Chow CK, Porter JD (1997) Oxidative stress as a potential 
pathogenic mechanism in an animal model of Duchcnne muscular dystrophy. 
Ncuromuscul Disord 7: 379-386. 

16. Wchling M, Stuff JT, McCabe TJ, TidballJG (1998) Sparing of mdx extraocular 
muscles from dystrophic pathology is not attributable to normalized concentra- 
tion or distribution of neuronal nitric oxide synthase. Ncuromuscul Disord 8: 
22-29. 

17. Porter JD, Merriam AP, Khanna S, Andradc FH, Riehmonds CR, ct al. (2003) 
Constitutive properties, not molecular adaptations, mediate extraocular muscle 
sparing in dystrophic mdx mice. FASEB J 17: 893—919. 

18. MeLoon LK, Wirtschaftcr JD (2002) Continuous myonuclcar addition to single 
extraocular myofibcrs in uninjured adult rabbits. Muscle Nerve 25: 348—358. 

19. MeLoon LK, Wirtschaftcr JD (2002) Activated satellite cells are present in 
uninjured extraocular muscles of mature mice. Trans. Am Ophthalmol Soc 100: 
119-123. 

20. MeLoon LK, Rowe J, Wirtschaftcr J, McCormick KM (2004) Continuous 
myofibcr remodeling in uninjured extraocular myofibcrs: myonuclcar turnover 
and evidence for apoptosis. Muscle Nerve 29: 707-715. 

21. MeLoon LK, Wirtschaftcr J (2003) Activated satellite cells in extraocular muscles 
of normal adult monkeys and humans. Invest Ophthalmol Vis Sci 44: 1927— 
1932. 

22. Ugaldc I, Christiansen SP, MeLoon LK (2005) Botulinum toxin treatment of 
extraocular muscles in rabbit results in increased myofibcr remodeling. Invest 
Ophthalmol Vis Sci 46: 4114-4120. 

23. Kallcstad KM, Hebert SL, McDonald AA, Daniel ML, Cu SR, MeLoon LK 
(2011) Sparing of extraocular muscle in aging and muscular dystrophies: A 
myogenic precursor cell hypothesis. Exp Cell Res 317: 873—885. 

24. Hebert SL, Daniel ML, MeLoon LK (2013) The role of Pitx2 in maintaining the 
phenotype of myogenic precursor cells in the extraocular muscles. PLoS One 8: 
c58405. 

25. Wcller B, Karpati G, Lchncrt S, Carpenter S (1991) Major alteration of the 
pathological phenotype in gamma irradiated mdx solcus muscles. J Ncuropathol 
Exp Neurol 50: 419-431. 

26. MeGeachic JK, Grounds MD, Partridge TA, Morgan JE (1993) Age-related 
changes in replication of myogenic cells in mdx mice: quantitative autoradio- 
graphic studies. J Neurol Sci 119: 169-179. 

27. QuinlanJG, Lyden SOP, Cambier DM, Johnson SR, Michaels SE, Denman DL 
(1995) Radiation inhibition of mdx mouse muscle regeneration: Dose and age 
factors. Muscle Nerve 18: 201-206. 

28. Granata Al, Vecchi C, Graciotti L, Fulgcnzi G, Maggi S, Corsi A (1998) Gamma 
irradiation can reduce muscle damage in mdx dystrophic mice. Acta 
Neuropathol 96: 564-568. 

29. McGeachie JK, Grounds MD (1999) The timing between skeletal muscle 
myoblast replication and fusion into myotubes, and the stability of regenerated 
dystrophic myofibcrs: an autoradiographic study in mdx mice. J Anat 194: 287- 
295. 

30. Pagcl CN, Partridge TA (1999) Covert persistence of mdx mouse myopathy is 
revealed by acute and chronic effects of irradiation. J Neurol Sci 164: 103-116. 

31. GrossJG, MorganJE (1999) Muscle precursor cells injected into irradiated mdx 
mouse muscle persist after serial injury. Muscle Nerve 22: 174-185. 

32. Heslop L, MorganJE, Partridge TA (2000) Evidence for a myogenic stem cell 
that is exhausted in dystrophic muscle. J Cell Sci 113: 2299-2308. 

33. Zhou L, Rafacl-Fortney JA, Huang P, Zhao XS, Cheng G et al., (2008) 
Haploinsufficicncy of utrophin gene worsens skeletal muscle inflammation and 
fibrosis in mdx mice. J Neurol Sci 264: 106-111. 

34. Grady RM, Tcng H, Nichol MC, Cunningham JC, Wilkinson RS et al. (1997) 
Skeletal and cardiac myopathics in mice lacking utrophin and dystrophin: a 
model for Duchcnne muscular dystrophy. Cell 90: 729-738. 

35. Mu X, Usas A, Lu A, Wang B, Weiss K, et al. (2013) RhoA mediates defective 
stem cell function and heterotopic ossification in dystrophic muscle of mice. 
FASEB J 27: 3619-3631. 

36. DiMarioJX, Uzman A, Strohman RC (1991) Fiber regeneration is not persistent 
in dystrophic (mdx) mouse skeletal muscle. Dev Biol 148: 314—321. 

37. Stedman HH, Sweeney HL, Shrager JC, Maguire HC, Panettieri RA et al. 
(1991) The mdx mouse diaphragm reproduces the degenerative changes of 
Duchcnne muscular dystrophy. Nature 352: 536-539. 

38. Deconinck N, TinslcyJ, De Backer F, Fisher R, Kahn D ct al. (1997) Expression 
of truncated utrophin leads to major functional improvements in dystrophin- 
deficient muscles of mice. Nat Med 3: 1216-1221. 



39. Huang P, Cheng G, Lu H, Aronica M, Ransohofl RM et al. (2011) Impaired 
respiratory function in mdx and mdx/utrophin+/— mice. Muscle Nerve 43: 
263-267. 

40. MorganJE, Hoffman EP, Partridge TA (1990) Normal myogenic cells from 
newborn mice restore normal histology to degenerating muscles of the mdx 
mouse. J Cell Biol 111: 2437-2449. 

41. Wakeford S, Watt DJ, Partridge TA (1991) X-irradiation improves mdx mouse 
muscle as a model of myofibcr loss in DMD. Muscle Nerve 14: 42—50. 

42. Rosenblatt JD, Parry DJ (1992) Gamma irradiation prevents compensatory 
hypertrophy of overloaded mouse extensor digitorum longus muscle. J Appl 
Physiol 73: 2538-2543. 

43. PhalenJN, Gonyea WJ (1997) Effect of radiation on satellite cell activity and 
protein expression in overloaded mammalian skeletal muscle. Anat Rcc 247: 
179-188. 

44. Mitchell PO, Pavlath GK. (2001) A muscle precursor cell-dependent pathway 
contributes to muscle growth after atrophy. Am J Physiol Cell Physiol 281: 
C1706-1715. 

45. Lowe DA, Alway SE (1999) Stretch-induced myogenin, MyoD, and MRF4 
expression and acute hypertroph in quail slow-tonic muscle are not dependent 
upon satellite cell proliferation. Cell Tissue Res 296: 531-539. 

46. McCarthy JJ, MulaJ, Miyazaki M, Erfani R, Garrison K, et al. (201 1) Effective 
fiber hypertrophy in satellite cell-depleted skeletal muscle. Development 138: 
3657-3666. 

47. Jackson JR, MulaJ, Kirby TJ, Fry CS, Lee JD, et al. (2012) Satellite cell 
depletion does not inhibit adult skeletal muscle rcgrowth following unloading- 
induced atrophy. Am J Physiol Cell Physiol 303: C854-861. 

48. Zhou Y, Cheng G, Dieter L, Hjalt TA, Andrade FH, et al. (2009) An altered 
phenotype in conditional knockout of Pitx2 in extraocular muscle. Invest 
Ophthalmol Vis Sci 50: 4531-4541. 

49. Zhou Y, Liu D, Kaminski HJ. (201 1) Pitx2 regulates myosin heavy chain isoform 
expression and multi-inncrvation in extraocular muscle. J Physiol 589: 4601- 
4614. 

50. Duchen LW (1970) Changes in motor innervation and cholincstcrasc 
localization induced by botulinum toxin in skeletal muscle of the mouse: 
differences between fast and slow muscles. J Neurol Ncurosurg Psychiat 33: 40- 
54. 

51. Hassan SM, Jennckcns FGI, Veldman H (1995) Botulinum-toxin induced 
myopathy in the rat. Brain 118: 533-545. 

52. Spencer RF, McNccr KW (1987) Botulinum toxin paralysis of adult extraocular 
muscle. Structural alterations in orbital, singly innervated muscle fibers. Arch 
Ophthalmol 105: 1703-1711. 

53. Ahmad M, LiuJX, Brannstrom T, Andersen PM, Seal P, Pcdrosa-Domellof F 
(2010) Human extraocular muscles in ALS. Invest Ophthalmol Vis Sci 51: 
3494-3591. 

54. Valdez G, TapiaJC, LichtmanJW, Fox MA, SancsJR (2012) Shared resistance 
to aging and ALS in neuromuscular junctions of specific muscles. PLoS One 
7(4): c34640. 

55. Christiansen SP, Antunes-Foschini RS, MeLoon LK (2010) Effects of recession 
versus tenotomy surgery without recession in adult rabbit extraocular muscle. 
Invest Ophthalmol Vis Sci 51: 5646-5656. 

56. Fischer MD, Gorospe JR, Fcldcr E, Bogdanovich S, Pcdrosa-Domellof F, et al. 
(2002) Expression profiling reveals metabolic and structural components of 
extraocular muscles. Physiol Genomics 9: 71—84. 

57. Anderson BC, Christiansen SP, Grandt S, Grange RW, MeLoon LK (2006) 
Increased extraocular muscle strength with direct injection of insulin-like growth 
factor-I. Invest Ophthalmol Vis Sci 47: 2461-2467. 

58. Christiansen SP, MeLoon LK (2006) The effect of resection on satellite cell 
activity in rabbit extraocular muscle. Invest Ophthalmol Vis Sci 47: 605-613. 

59. Sakurai T, Ueda T, Kawai M, Tobita H, Miyakoshi J (2009) Protective effects of 
insulin-like growth factor-I on the decrease in myogenic differentiation by 
ionizing radiation. Int J Radiat Biol 85: 153-157. 

60. Yang SY, Hoy M, Fuller B, Sales KM, Seifalian AM, et al. (2010) Pretreatment 
with insulin-like growth factor 1 protects skeletal muscle cells against oxidative 
damage via PI3K/Akt and ERK1/2 MAPK pathways. Lab Invest 90: 391-401. 

61. Kallcstad KM, MeLoon LK (2009) Defining the heterogeneity of skeletal-muscle 
derived side and main population cells isolated immediately cx vivo. J Cellul 
Physiol 222: 676-684. 

62. Kovanen V (2002) Intramuscular extracellular matrix: complex environment of 
muscle cells. Exerc Sport Sci Rev 30: 20—25. 

63. Ricard-Blum S, Ruggiero F (2005) The collagen supcrfamily: from the 
extracellular matrix to the cell membrane. Pathol Biol (Paris) 53: 430—442. 

64. Stager D Jr, MeLoon LK, FeliusJ (2013) Postulating a role for connective tissue 
elements in inferior oblique overaction. Trans Am Ophthalmol Soc 111: 70—81. 

65. van Putten M, Kumar D, Hulsker M, Hoogaars WMH, Plomp JJ, et al. (2012) 
Comparison of skeletal muscle pathology and motor function of dystrophin and 
utrophin deficient mouse strains. Ncuromuscul Disord 22: 406-417. 

66. Becher UM, Breitbach M, Sassa P, Garbe S, van dcr Ven PFM, ct al. (2009) 
Enrichment and terminal differentiation of striated muscle progenitors in vitro. 
Exp Cell Res 315: 2741-2751. 



PLOS ONE | www.plosone.org 



14 



January 2014 | Volume 9 | Issue 1 | e86424 



